Human populations that migrated out of Africa interbred with Neandertals. A new study assesses the effects of Neandertal gene variants on brain shape in modern humans, providing insights into the genomic basis of the uniquely globular human brain.
Commercial genetic services that provide consumers with personalized information about their ancestry have become increasingly popular. Thanks to these services, many people are learning that they are the descendants of hybrids between Neandertals and modern humans. Both species overlapped geographically in western Eurasia for a period of at least 5,000 years following human migration out of Africa about 60,000 years ago [1] . In nature, such interbreeding between distinct, but closely related sympatric species is fairly common [2] . Ancient DNA analyses indicate that hybridization occurred throughout human evolution [3] . In fact, there is now firm evidence that humans interbred not only with Neandertals, but also Denisovans, and perhaps other extinct Homo species. As a consequence, the genomes of presentday human populations outside sub-Saharan Africa contain introgressed variants inherited from Neandertals. This means that there are billions of people walking the earth today that carry the DNA of Neandertals. There is more Neandertal DNA in the world now than at any other time in history. Collectively, living humans harbor 40% of the Neanderthal genome, though in any given individual only about 1-4% of the genome comes from these ancient hominins [4, 5] . Due to the close relatedness of the two species, this presents the opportunity to use modern humans as a natural experimental system to test for the phenotypic effects of Neandertal genetic variants. To date, Neandertal alleles have been mapped to a range of phenotypic traits in living humans, including height, hair texture and even the likelihood of sneezing after eating dark chocolate [6] . Moreover, the gene variants acquired from Neandertals may have benefited modern humans in various ways, for example by improved immunity to pathogens [7] . A recent study in Current Biology by Philipp Gunz, Simon Fisher and colleagues [8] shows how the patterns of gene sharing with Neandertals can also help us identify variants related to humanspecific traits, such as our unique globular brain morphology.
Comparing the phenotypic traits of Neandertals and modern humans has held endless fascination for scientists and lay audiences alike. Because Neandertals are our closest known relatives, contrasts between these species bring into relief what is most evolutionarily distinctive about ourselves. In comparison to anatomically modern humans, Neandertals had prominent brows, protrusive midfaces, sloping chins and a bulkier stature [9] . Beyond these anatomical differences, researchers have tried to interpret data from fossils, archaeological remains and genomes to infer the cognitive and linguistic capacities of our Neandertal cousins. For example, the dimensions of the hypoglossal canal and hyoid have been measured in an attempt to estimate the control of the tongue and vocal tract for speech [10, 11] , and FOXP2, a transcription factor involved in neurodevelopment of circuits important in vocal learning across mammals, has been sequenced in Neandertals, showing that they had the same form of the gene as modern humans [12] .
Arguably, the most remarkable phenotypic difference between modern humans and Neandertals (Figure 1) is the shape of the brain -not its size, which is generally similar between the two species [13] . The braincase of modern humans is distinctively globular, or spherical, compared to the more elongated and flattened shape seen in Neandertals and other earlier hominins [14] . The greater globularity of the modern human skull is a feature that develops relatively early after birth, and has been shown to arise from differential bulging in the region of the parietal lobe and cerebellum [15] .
The new study by Gunz and colleagues [8] is an interdisciplinary tour de force combining morphometrics, neuroimaging, and genomic data from thousands of modern humans. Most comparisons of human and Neandertal genomes have sought to identify how Neandertal variants contributed to modern human diversity [16] . This new study, however, exploits Neandertal genomics to identify the basis of variation in a trait that is uniquely human, our globular brains. Their analysis takes a phenotype-first approach in searching for needles in the genomic haystack. As a first step, the researchers derived a quantitative 'globularity score', which essentially places individuals on a scale between the average shape of a Neandertal and a modern human braincase. The globularity scores of modern humans and Neandertals were completely non-overlapping. Thus, no modern human can serve as a perfect stand-in for the extremely flattened shape of the Neandertal braincase. Neuroanatomical correlates of differences in globularity were then determined from a large MRI sample, showing that grey matter distributions varied across nearly all parts of the brain, reflecting a complex pattern of regionalized volumetric increases and decreases.
The authors then tested over 50,000 Neandertal single nucleotide polymorphisms for an association with globularity score in 4,500 individuals of European ancestry from five different study cohorts for which both genomic data and brain MRI data were available. This search yielded two distinct Neandertal DNA fragments associated with brain globularity, though each allele's effect size was quite small. The archaic minor allele for any of these individual genes would be expected to be present in only a very small proportion of the general human population, thus requiring enormous sample sizes to detect a genephenotype association. Finally, the authors examined the possible functional impacts of the Neandertal variants that were linked to lower globularity score. To do this, they used the GTEx database, which is a resource that relates genetic variation and gene expression in multiple human tissues. One variant is located on chromosome 1 in a region that acts to regulate UBR4 expression in the putamen (a part of the basal ganglia) and the other is on chromosome 18 in a region that regulates PHLPP1 expression in the cerebellum. Based on gene expression data from the GTEx database and the known function of these genes, Gunz and colleagues [8] hypothesize that the Neandertal variant of UBR4 reduces neuron formation in the striatum and the PHLPP1 Neandertal variant diminishes myelination in the cerebellum. These are intriguing findings. The fossil record and comparative neuroanatomy had already hinted at the cerebellum having been a hotspot of human brain evolution [17, 18] . In addition, these new findings prompt us to focus even more attention on investigating evolutionary reorganization of the striatum, a subcortical structure that functions in voluntary movement and signaling reward, but which does not leave a direct imprint on the braincase.
The study of Gunz and colleagues [8] is groundbreaking and will lead to novel avenues of inquiry and new uses for old (archaic) genomes. Replication in other human populations that harbor Neandertal genes, such as Asians, would further strengthen support for these findings. Additionally, the identification of gene variants underlying brain shape will encourage further examination of the molecular pathways that underlie differential neuron formation in Neandertals and modern humans. Experimental systems such as iPSCs, cerebral organoids and genetically engineered mice will be especially useful 
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Dispatches to probe the function of the archaic alleles to obtain a clearer picture of mechanisms that may be involved in neurodevelopmental processes [19, 20] . For example, one could test the Neandertal variants that potentially influence expression of UBR4 and PHLPP1 in an experimental model system and measure changes in neurogenesis and myelination. Another question is whether variation in brain globularity among humans has any association with aspects of cognition, motor performance or perception. It also remains unknown whether human brain globularity covaries with other neural phenotypes related to fiber tract connectivity patterns, network architecture of brain modules or volumetric sizes of neural structures. Finally, in the future it will be critical to explore developmental neuroimaging datasets to ascertain whether Neandertal variants have an effect on brain development and might impact the neural substrates of learning.
We are witnessing a revolution in the analytical power now available to relate ancient genomes to phenotypes, improving our understanding of human evolution. This information will help us zero in on the genomic regions underlying other human-specific traits, such as our pronounced chins and lanky skeletons, by investigating the effects of archaic variants in large samples of living people. We are just scratching the surface.
